Abstract
Introduction
The resulting environmental impact of the high consumption of plastic materials in the food industry has encouraged packaging industry to develop biodegradable packaging materials that can be used as substitutes for the current synthetic polymers [1] . The biopolymer based packaging films offers several advantages due to their good biodegradability, biocompatibility, environmentally-friendliness, and even edibility [2] . Biopolymer films have been generally classified according to the source of the original polymer utilized. Among the main raw materials, the polysaccharide-based or protein-based materials are the most widely used [3] .
Gelatin is an animal protein extracted from skins, bones and connective tissue of animals by controlled hydrolysis of the fibrous insoluble collagen [4;5] . It is well known that gelatin has been widely used in food industries due to its film-forming ability and its use as an outer film to protect food from drying and exposure to light and oxygen [6] . Carrageenans are natural and water soluble sulfated polysaccharides extracted from red seaweeds [7] . The differences in the chemical structure of carrageenans are essential for their physicochemical properties and the helical structure formation leading to varied applications [8] . Park (1996) [9] reported that Kappa-carrageenan is able to produce a clear film with excellent mechanical and structural properties with high tensile strength.
In order to produce efficient packaging films, the properties of films must be optimized for commercial applications. The formation of polymeric films occurs during solvent evaporation and includes complex heat and mass transfer phenomena and polymeric chain reorganization [10] . Several researchers reported on the influence of drying conditions on the mechanical and barrier properties of alginate, whey protein, chitosan, gelatin biofilms [11; 12; 13; 14] . However, the literature does not show results of impact of drying on carrageenan films. The aim of this study was to investigate the effect of convective and vacuum drying on properties of biodegradable films produced from bovine gelatin and carrageenan.
Materials and Methods

Materials
Gelatin from bovine skin and kappa-carrageenan were used as biopolymeric matrix while glycerol (analytical grade) was used as a plasticizer. All reagents were obtained from SigmaAldrich (USA); distilled water was available in the laboratory for preparation of all solutions.
Biofilm formation and Drying
Gelatin and carrageenan films were produced by the casting method, using the methodology proposed by Martiny [15] . The convective drying of films was performed in a custom made laboratory convective hot-air dryer. The perpendicular air flow coming from the blower was heated by an electrical heater. The inlet and outlet air temperatures were measured outside the shielded cavity using type-T thermocouples. The convective drying conditions were 40, 50 and 60 o C at an air velocity of one m/s. The drying curves ((M-Me)/(M0-Me) as a function of time) were obtained. The equilibrium moisture content was assumed as the final moisture content, when the drying rate was practically null, at each drying condition. The drying rates were determined using Equation 1 .
where, R is the drying rate (kg.h -1 .m -2 ), Ls is dried solids mass (kg), A is drying area (m²), M is the moisture content (kg.kg -1 , d.b.) and t is time (h).
The vaccum drying of films was performed in a vaccum oven (StableTemp, Cole-Parmer, USA) with controlled temperature connected with vaccum line (25" Hg) for 48 h. The same temperatures studied in convective dryer (40, 50 and 60 o C) were applied for vaccum drying.
Biofilm characterization
The biofilm thickness was measured using a electronic digital micrometer (Marathon Co, CO030025, Canada) with 0.001 mm of resolution. Mean thickness was calculated from ten measurements taken at different locations on biofilm samples, according to Ferreira et al. [16] . Water vapor permeability (WVP) of biofilms was determined gravimetrically using the ASTM standard method E96/E96M-05 [17] . Tensile strength (TS) and elongation percentage (E) at break point were measured uniaxially by stretching the specimen in one direction using a Universal Testing Machine (50 N load cell -Instron 4502, USA) according to the ASTM standard method D-882-02 [18] . Scanning electron micrographs (SEM) of the film samples submitted to different drying temperatures and methods were obtained using a scanning electron microscope (Hitachi, TM 3000, Japan). Experimental data were analyzed by Statistica 7.1 software. Mean comparasions were carried out by Tukey test (p < 0.05 was considered as significant).
Results and Discussion
Typical drying curves obtained are illustrated in Figure 1 . Overall drying kinetic curves obtained for biofilms samples under different drying conditions showed the same behavior.
In all experiments, the drying kinetics of biofilms showed a constant drying rate period followed by a falling drying rate period. The drying of high moisture materials typically presents a constant drying rate period and one or two falling rate periods [19] .The moisture contents of the samples at the end of the drying process were in the range of 0.2 to 1.8 g.g As the moisture content of the samples was very high during the initial phase of the drying, higher drying rates were observed. As the drying progressed, the moisture loss (solventwater) from the product resulted in the fall of drying rate. Various studies also reported that drying curves of polymers dispersed in solvents showed an initial period of constant drying rate before the falling rate period [19; 20; 21] . During the falling rate period, water movement may occur in the films via liquid diffusion, which is driven by moisture gradients, and vapor diffusion. This is enhanced by the vapor partial pressure gradients induced by the temperature gradients. Because pores were not observed in the SEM micrographs of film (Figure 2 ), liquid movement via capillarity is less probable [22; 19] . Table 1 shows the values obtained for thickness, water vapor permeability (WVP), tensile strength (TS) and elongation (E) of the gelatin and carrageenan biofilms. The film thicknesses were in the range of 0.074 to 0.128 mm and showed significant difference (p>0.05) regarding films obtained from diferents drying methods and temperatures. Ahmad et al. [23] reported that the thickness depends on the components and the water content in film structure. Gelatin biofilms obtained showed properties similar to those published by other authors. Nishihora [24] The data reported in the literature for tensile strength and elongation are smaller than those obtained in this work. This was attributed to the differences in the preparation, composition and proportions of the film-forming solutions. Results for carrageenan films looked promising. Normally, a high tensile strength in the formulated film is common, however the flexibility of the film, indicated by the elongation is a very important parameter. This enables better applicability of this film in packaging [35] .
There were no significant difference (p<0.05) between the WVP, tensile strength and elongation of carrageenan biofilms obtained from convective drying. Also, gelatin biofilms obtained from convective drying did not show significant difference for tensile strength and elongation. This is a desirable since the convective drying can be faster when the temperature is 60 o C.
SEM images of gelatin and carrageenan films are shown in Figure 2 . Among the films, the gelatin films were more homogeneous and transparent, while the carrageenan film had the highest density of clusters and the highest opacity. These images show smooth and homogeneous surfaces for gelatin films. Despite the carrageenan films showing a heterogeneous surface, it was not possible to see defects and cracks. The non-uniformity of carrageenan films was attributed to the early gelation during casting [31] . 
Conclusions
The development of this research allowed to investigate the effect of convective and vacuum drying on properties of gelatin and carrageenan films. The convective drying kinetics showed a constant drying rate period followed by a falling drying rate period, wich is typical of materials with high moisture content. The results of thickness showed dependence with moisture content present in films. Carrageenan films showed promising results, with high values of tensile strength and elongation even for those made in the convective dryer at 60 o C.
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